During the Chesapeake Lighthouse and Aircraft Measurements for Satellites (CLAMS), the National Polar-orbiting Operational Environmental Satellite System (NPOESS) Airborne Sounder TestbedInterferometer (NAST-I), flying aboard the high-altitude Proteus aircraft, observed the spatial distribution of infrared radiance across the 650-2700 cm Ϫ1 (3.7-15.4 m) spectral region with a spectral resolution of 0.25 cm Ϫ1 . NAST-I scans cross track with a moderate spatial resolution (a linear ground resolution equal to 13% of the aircraft altitude at nadir). The broad spectral coverage and high spectral resolution of this instrument provides abundant information about the surface and three-dimensional state of the atmosphere. In this paper, the NAST-I measurements and geophysical product retrieval methodology employed for CLAMS are described. Example results of surface properties and atmospheric temperature, water vapor, ozone, and carbon monoxide distributions are provided. The CLAMS NAST-I geophysical dataset is available for use by the scientific community.
Introduction
The National Polar-orbiting Operational Environmental Satellite System (NPOESS) Integrated Program Office led the development of the NPOESS Airborne Sounder Testbed (NAST) system. The purpose of the NAST is to conduct high-altitude aircraft infrared and microwave measurements for the purpose of validating radiance observations from present and future satellite sounding systems, such as the Cross-track Infrared Sounder (CrIS) and the Advanced Technology Microwave Sounder (ATMS) to fly on the NPOESS Preparatory Program (NPP) satellite and the follow-on NPOESS. The Massachusetts Institute of Technology Lincoln Laboratory (MIT-LL) built the NAST Interferometer component (NAST-I), with its internal blackbody calibration system being provided by the University of Wisconsin Space Science and Engineering Center (UW-SSEC). NAST-I is a Fourier transform spectrometer of the Michelson interferometer design. It possesses high spectral resolution (0.25 cm Ϫ1 ) and high spatial resolution (0.13-km linear ground resolution per kilometer of aircraft flight altitude at nadir). The NAST-I spatially scans cross-track to the aircraft motion Ϯ48.2°, thereby providing a 2.3-km ground track swath width per kilometer of aircraft flight altitude (e.g., a 46-km swath from a flight altitude of 20 km). The radiometric noise is nominally 0.3 K, spectrum to spectrum, dependent upon spectral region and scene temperature. The spectrally random noise, spectral point to spectral point, is generally smaller than 0.3 K within a given radiance spectrum. It is the spectrally random component of the radiance measurement noise that limits the ability to deconvolute the radiance spectrum with the precision needed to retrieve small-scale vertical features of atmospheric temperature and the absorbing constituents (e.g., water vapor). NAST-I is designed to support the development and performance validation of high spectral (i.e., vertical) resolution temperature and moisture sounders being flown on earthorbiting satellites. NAST-I data are also useful for testing inversion methods and for validating satellite retrievals of thermodynamic profiles used for weather prediction and chemical abundances (such as ozone and carbon monoxide) intended for monitoring air quality and supporting climate modeling. The resolution, precision, and accuracy of the NAST-I data products enable them to be used for depicting the state of the atmosphere and surface in support of scientific studies of environmental processes. NAST-I, aboard Proteus, collected high-quality data in support of the Chesapeake Lighthouse and Aircraft Measurements for Satellites (CLAMS) experiment (Smith et al. 2001) . In this paper, the NAST-I instrument, radiometric observation characteristics, and the forward and inverse models used for geophysical data retrieval are described. Examples of retrieved geophysical parameters derived from NAST-I observations recorded during Proteus flights in CLAMS are presented. The entire NAST-I radiance dataset obtained during CLAMS is available for use by the scientific research community (http://spigot.ssec. wisc.edu/ϳnasti/NASTI/).
Instrument design
The NAST-I instrument design is based on reflective optics, a KBr beamsplitter/compensator and separate integral detector/cooler assemblies operating at 77 K. Two blackbody sources, one heated and one ambient (cold), are viewed once each scan to provide absolute radiometric calibration at a level better than 0.5 K. Detector nonlinearity is accounted for using a physical algorithm whose coefficients are based on ground calibrations, which included an LN 2 source and upward views of the cold sky background. The nonlinearity al- gorithm was initially validated by coflying the NAST-I with the High Spectral Resolution Interferometer Sounder (HIS), which employed linear response ASi detectors cooled to liquid He temperatures (i.e., 6 K). Dynamic alignment of the interferometer optics, a pressurized N 2 enclosure and wire coil shock mounts are used to minimize the environmental effects of aircraft flight. The instrument processor/controller is based on a Pentium CPU with real-time digital signal processing. A ring laser gyro/GPS navigation sensor is used to earth-locate the data. Additional details are contained in publications by Cousins and Smith (1997) , Revercomb et al. (1998 ), and Smith et al. (1999 , 2001 . During CLAMS the NAST-I flew aboard the Proteus aircraft together with the NAST-M (the microwave radiometer component of NAST) and the Far-IR Sensor for Cirrus (FIRSC). Figure 1 shows the Proteus payload configuration for the CLAMS. From the nominal Proteus altitude of 16 km, ϳ2.2 km spatial resolution is achieved over a swath of ϳ40 km, thereby providing three-dimensional hyperspectral images of radiance and derived geophysical products (Fig. 2) .
NAST-I radiance spectra cover CO 2 emission within the 15-m and 4.3-m bands, H 2 O emission across the 6.3-m band, O 3 emission within the 9.6-m and 4.7-m bands, and CO emission within the 4.6-m band. These radiance measurements can be used for retrieving atmospheric temperature, water vapor, ozone, and carbon monoxide profiles as well as for retrieving surface skin temperature and emissivity. NAST-I data were collected during the CLAMS experiment under a variety of meteorological conditions. To demonstrate typical characteristics of the retrieved geophysical NAST-I dataset, a complete set of results is presented for the CLAMS mapping flight over the Clouds and Earth's Radiant Energy System (CERES) Ocean Validation Experiment (COVE) site during 14 July 2001. The radiosonde and sea surface temperature observations at the COVE site (25 km east of Virginia Beach, Virginia) are used to validate the NAST-I retrievals.
Forward radiative transfer model
A version of the optimal spectral sampling (OSS) fast radiative transfer model (Moncet et al. 2001; Liu et al. 2003) was used for NAST-I simulations and used in NAST-I retrieval algorithms. In the OSS approach, an extension of the exponential sum fitting transmittance method, radiance for each instrument channel is represented as a linear combination of radiances computed at a few preselected monochromatic frequencies within the domain spanned by the instrument line shape function. Like other fast radiative transfer models, the model parameters (i.e., the weights and locations for these monochromatic frequencies) are obtained offline by training under a variety of atmospheric and surface conditions for the NAST-I observation geometries. The optimal selection of the monochromatic frequencies and the computation of the weights are performed by minimizing the difference between the radiances derived using the approximate OSS formulation to those obtained with the reference Line-By-Line Radiative Transfer Model (i.e., LBLRTM). The NAST-I OSS model is designed to rapidly compute radiances and transmittances for several major atmospheric species FIG. 2. NAST-I "window" imagery and example land and ocean radiance spectra for the CLAMS observation area.
(i.e., CO 2 , H 2 O, CH 4 , N 2 O, O 3 , and CO) from any aircraft/sensor altitude, which greatly benefits the airborne instrument like NAST-I in achieving accurate model simulation. The OSS is used rather than LBLRTM in order to be able to process the NAST-I data in approximately the same amount of time required to acquire the radiance measurements. Figure 3 (Liu 2004) shows the mean and standard deviation of the difference between OSS and LBLRTM calculations for the three spectral bands of NAST-I, computed for a diverse set of 108 independent atmospheric conditions (i.e., the NOAA-88 radiosonde sample). As can be seen, the errors in the OSS representation of the atmospheric radiance spectra are generally less than those expected due to instrumental noise (i.e., Ͻ0.3 K).
Geophysical product retrieval method
Three retrieval steps are taken to produce thermodynamic and trace gas constituent profile retrievals: (a) eigenvector regression, (b) matrix inversion, and (c) iterative adjustment. The approach is described in detail by Zhou et al. (2002 Zhou et al. ( , 2003 Zhou et al. ( , 2005 .
a. Stage 1: Eigenvector regression

1) OVERVIEW
Eigenvector regression follows the original work of Smith and Woolf (1976) in which the method was applied to the processing of Nimbus-6 satellite infrared and microwave sounding radiance observations. More recent satellite applications of this methodology is presented by Goldberg et al. (2003) where the methodology is used to process hyperspectral sounding data from the Aqua AIRS. In this method, the amplitudes of radiance eigenvectors are related to surface and atmospheric state variables using multiple linear regression. The optimal number of eigenvectors to be used in the regression retrieval is selected as that number which minimizes the difference between observed and retrieval-calculated radiance. The radiances used to produce the eigenvectors and regression relationships are physically based; that is, they are obtained from radiative transfer calculations based on radiosonde profiles for a particular geographical region and a particular season of the year. The OSS forward model is used for the radiative transfer calculations. In the simulation, the radiosonde temperature and humidity structure are used to diagnose the cloud-top level. For the spectral radiance calculations, each radiosonde that possesses cloud is treated as both a clear sky and as an opaque (i.e., "black" overcast) cloud condition profile. Since the eigenvector regression algorithm is linear, the opaque overcast cloud and clear-sky conditions are sufficient for producing regression relationships that represent the effects of gray clouds for any degree of opacity and/or fractional coverage. The opaque sky condition profile is created by representing the radiosonde temperature and moisture profile below the cloud as isothermal, at cloud-top temperature, and saturated. This profile adjustment enables the retrieval system to obtain a clear-sky equivalent, from a radiative transfer point of view, temperature and moisture profile regardless of cloud condition. If the sky is cloud free, then the clear air atmospheric profile will be obtained from aircraft level down to the earth's surface. If an opaque cloud exists, the clear air atmospheric profiles will be retrieved down to cloud top with an isothermal, at FIG. 3 . Mean and standard deviation of the difference between OSS and LBRTM model calculations for an independent set of 108 diverse atmospheric conditions.
cloud-top temperature, and a saturated profile being retrieved below the cloud top down to the earth's surface. If a semitransparent and/or broken cloud cover exists, then the clear air atmospheric profiles will be retrieved down to the cloud-top level with a temperature profile intermediate to the clear air profile and the cloud-top temperature, and a less than saturated water vapor condition, being retrieved below the cloud. In the semitransparent and/or broken-cloud condition, the proportion of isothermal and saturation structure retrieved below the cloud depends upon the cloud opacity and fraction. For the training, the surface emissivity spectrum for each radiosonde profile is randomly selected from a set of laboratory-measured emissivity spectra for a wide variety of surface types (Wilber et al. 1999; Salisbury and D'Aria, 1992) . Trace gas species, such as ozone and carbon monoxide, were specified using a statistical representation based on correlations of these gases with temperature and humidity conditions specified by the radiosonde data. Regression equations that relate the radiance eigenvector amplitudes to the radiosonde temperature and water vapor values, surface temperature, and the coefficients of an eigenvector representation of surface emissivity spectra used in the radiance simulation, are derived, assuming a different number of eigenvectors for representation of the spectral radiance information. In the application of the retrieval algorithm, the optimal number of eigenvectors to be used for the retrieval is selected as that number which minimizes the local rms difference between observed radiances and radiances calculated from the retrievals. The rationale is that if the number is too small then the rms difference will be large since the retrieval is not capturing the full information content of the radiance observations. On the other hand, if the number is too big, then the rms difference will also be large since the retrieval will be fitting random radiance measurement error causing the retrieval to exhibit abnormal oscillations. Thus, the number of eigenvectors that produces a spatial distribution of retrievals that optimizes the rms fit of retrieval-calculated radiances to observed radiances is presumed to be that which produces the smallest retrieval error. This number generally ranges between 15 and 50, for NAST-I, depending upon the meteorological variance and the observed radiance error associated with the particular dataset used (higher natural variance and lower random radiance measurement error requires a larger number of eigenvectors to represent the information content of the radiance spectra). The regression equations for the optimal set are then applied to NAST-I radiance measurements, which are corrected for reflected solar radiation contributions. The reflected solar contribution correction is based on a reflected solar spectrum calculated for a model surface and atmospheric condition, similar to that being observed, and the radiances observed in the 4.0-m and 9.0-m window regions of the spectrum. Since all the radiative transfer calculations and eigenvector decomposition analysis are done "offline" to the actual data processing, the algorithm is extremely fast when applied to real data. Detailed validations from NAST-I field campaigns have indicated that thermodynamic parameters (i.e., temperature and water vapor profiles) above cloud levels can be accurately retrieved using this physically based eigenvector regression method.
Since the retrieval problem is ill-posed, additional information is needed to constrain the solution for atmospheric profiles from radiance spectra. Here, radiosonde sample statistics constrain the regression algorithm and the result can be used as the initial profile to constrain a direct nonlinear mathematical inverse solution of the radiative transfer equation for the atmospheric profiles. The linear statistical eigenvector regression retrieval provides first-guess profiles and surface properties that minimize the number of iterations and computation time required for the radiative transfer inverse numerical processing.
2) ANALYTICAL APPROACH
The basic linear statistical regression theory is summarized as follows. Given a set of historical radiosonde measurements and associated simulated spectral radiance R, the relationship between an atmospheric state and associated radiances is expressed statistically in terms of regression coefficients. Here R is calculated from the radiosonde atmospheric state and assumed surface properties A(T, Q, T s , s ), where T is the temperature profile, Q is the water vapor profile, T s is the surface temperature, and s is the surface emissivity. The use of amplitudes of statistical eigenvectors of radiance as the predictors acts to filter the radiance noise and effectively stabilizes the retrieval (Wark and Fleming 1966; Smith and Woolf 1976 ). The eigenvectors E [i.e., empirical orthogonal functions (EOFs)] can be generated using the covariance matrix M from a set of radiances associated with a radiosonde training dataset (total number of S profiles, and number of selected spectral channels denoted by nc). This covariance matrix is expressed as
where ℜ kj is the radiance (deviation from the sample mean) at spectral position j of radiosonde sample k. The eigenvectors, E of Eq. (1), are ordered from the largest amount of variance to the residual variance in successively decreasing order. The radiance eigenvector amplitude C (i.e., the radiance predictor in the eigenvector domain) is given by
The statistical regression coefficient K derived from a set of radiosonde observations provides the relation-ship between the surface and atmospheric variables, A, and associated radiances, R, and surface pressure, P s :
where n is the number of EOFs (i.e., the number of principal components used for the regression retrieval). The surface emissivity can also be retrieved by predicting the amplitudes of a small set (i.e., five) of emissivity eigenvectors used to represent the laboratory sample of emissivity spectra utilized for the radiance simulations. NAST-I contains a scanning mirror that allows the viewing angle to vary from Ϫ45°to ϩ45°with a step of 7.5°in the cross-track direction. The zenith angle is associated with the viewing angle and aircraft roll angle at each NAST-I scan position. The regression coefficients are derived for a fixed set of zenith angles, while the retrieval for a specific zenith angle of a scan is obtained by linearly interpolating the two retrievals obtained using regression coefficients for the two closest zenith angles. Regression coefficients are defined for as many angles necessary to correctly account for radiance dependence on zenith angle in the retrieval process.
3) REGRESSION IMPLEMENTATION
The CLAMS radiosonde training profiles were taken from July to September 1998. Radiosonde stations within 1600 km of Wallops Island, Virginia (totaling 24 stations), were used to provide about 2000 atmospheric profile conditions. The associated ozone profiles were synthetically produced using the regression statistics NAST-I possesses three spectral bands that together provide 8632 spectral channels. To limit the size of EOFs in order to accommodate the computer memory requirements for EOF computation, spectral segments are chosen to contain channels that provide the most information on temperature, water vapor, ozone, carbon monoxide, and surface properties as required for accurate regression statistics. These spectral segments were selected on the basis of the retrieval sensitivity to the spectral radiances, which is illustrated by the weighting function (or Jacobian) matrix (Li 1994) computed using the fast model of Liu et al. (2003) . Examples shown in Fig. 4 are the weighting function matrices for gases of constant mixing ratios (e.g., CO 2 and N 2 O) and for water vapor (H 2 O) simulated for NAST-I using the U.S. Standard Atmosphere, 1976 . It is noted that the weighting functions associated with constant mixing ratio gases and water vapor have peaks distributed throughout the range of pressure altitude. In other words, the channels in these spectral regions can be used for temperature and water vapor profile retrieval. These weighting functions are also used to select the channels for the second stage matrix inversion retrieval to be discussed in the following section. The selected spectral segments for regression analyses and retrieval are indicated in Fig. 5a (darkened spectral regions), which also shows a simulated NAST-I spectrum (from an aircraft altitude of ϳ20 km) and a typical spectrum of instrument noise. NAST-I spectral channels totaling 4514 are selected and used in the regression retrieval analysis. The optimal number of EOFs to use for the retrieval can be determined by identifying that number which minimizes the difference between radiative transfer model simulations of NAST-I radiances obtained from the retrieved atmospheric soundings and the actual observations used for the retrieval. Figure 6 shows an example of this process, based on radiance observation simulations, for two different noise situations (Zhou et al. 2002) . As can be seen, the optimal number of retrieval coefficients, and therefore vertical resolution and accuracy of the resulting retrievals, is sensitive to the measurement and forward model noise conditions. By basing this determination upon actual observations and radiance simulations for each particular flight situation, the dynamic variations in instrument noise and the forward model error dependence on atmospheric situation can be accounted for in the retrieval process.
As an example, Fig. 7 shows the results of 10 radiosonde comparisons with NAST-I eigenvector regression retrievals obtained during a 2002 field campaign conducted in the Florida region. Also shown to the right of each radiosonde comparison is a vertical cross section of atmospheric temperature and relative humidity, obtained from NAST-I observations within 20 km of the radiosonde station. The vertical cross sections display the local variability of the atmospheric structure. As can be seen, most of the differences between the radiosonde observations and the NAST-I retrieval can be explained by the local variability, even though the radiosonde is also known to have systematic errors (Turner et al. 2003) . The ability to retrieve finescale vertical features of the moisture profile from NAST-I radiance spectra is evident in these comparisons. Figure  8 shows the mean and standard deviation of the NAST-I retrieval and radiosonde comparisons shown in Fig. 7 . Analyses such as these have been performed for many different field campaigns, leading to the conclusion that the NAST-I eigenvector regression retrieval achieves an accuracy for temperature of ϳ1.0°r ms error and water vapor of ϳ20% rms error for 1-km and 2-km layers, respectively, between the surface, or a cloud layer, and the aircraft altitude. 
b. Stage 2: Matrix inversion
1) OVERVIEW
The matrix inversion algorithm provides a simultaneous solution for all retrieval parameters using the physically based EOF regression results as its first guess. Iteration of the matrix inversion by updating the first guess with the previous solution accounts for the nonlinearity between the radiance observations and the retrieval variables. The discrepancy principle (Li and Huang 1999 ) is used to vary the matrix conditioning parameter for each iterative step until the radiances calculated from the retrieval fit the observed radiances to within the observational error, in a rms error sense over the spectral range used for the retrieval. Although this retrieval stage only provides a small improvement in the accuracy of the temperature profile retrievals, it is very important for enhancing the vertical resolution of water vapor, carbon monoxide (CO), and ozone (O 3 ) profile retrievals. Clouds are treated in a similar manner to the regression algorithm; that is, no corrections for cloud attenuation are performed so that tempera- 
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ture and constituent profiles are retrieved that satisfy the radiance observations assuming a clear-sky atmospheric condition. Once again, this procedure enables accurate profiles down to cloud level to be obtained. NAST-I has 8632 spectral channels providing abundant information on atmospheric parameters; however, many channels are redundant except in terms of random measurement noise. Since the initial regression retrieval has benefited from the noise reduction advantage of using most of the spectral channels, only a few hundred carefully selected (i.e., optimal) spectral channels are used for the more time-consuming matrix inversion step of the retrieval process. The optimal channels should have small detector noise, a small calibration error, and a small forward model error. These channels are desired in between line centers where the sharpest weighting functions occur. In addition, the channel set should maximize the independent spectral information for both temperature and atmospheric constituents. To use the same eigenvectors used in the regression processing to reconstruct (i.e., to reduce the noise of) NAST-I radiances for the physical retrieval, these optimal channels are selected in the same spectral regions (indicated in Fig. 5 ) used for the regression retrieval. The optimal channels selected for physical retrieval are shown in Fig. 9 along with a NAST-I brightness temperature spectrum.
2) ANALYTICAL APPROACH
Once the first guess is generated from the regression technique described above, a nonlinear iterative procedure is set up to produce a retrieval obtained by matrix inversion, which is an improvement of the first guess (i.e., the eigenvector regression retrieval). Here, the upwelling spectral radiances are represented by the radiative transfer equation (excluding any scattering and reflection),
where * ϭ 2 s /, R is the spectral radiance at a certain frequency, R s represents the contribution of reflected solar radiation in the infrared region and is neglected for channels with a wavelength longer than 4.5 m, s refers to the earth's surface emissivity, B [v, T( p) Planck function at wavenumber v and at temperature T( p), p is the pressure, is the atmospheric transmittance from any given level to the top of the atmosphere (or the sensor), P ac is the aircraft pressure and P s is the surface pressure (subscript s denoting surface). A fast model ) with vertical pressure coordinates from 50 to 1100 hPa (or mb) is used for the NAST-I transmittance calculation. The pressure grid is established according to
, where parameters a, b, and c are determined by solving the equation of p(1) ϭ 1100 mb, p(38) ϭ 300 mb, and p(101) ϭ 5 ϫ 10 Ϫ3 mb. The transmittance, , is unity between the top pressure coordinate (i.e., 50 mb) and the aircraft level.
The radiance R m measured for each NAST-I channel can be considered a nonlinear function of the atmospheric temperature profile, water vapor mixing ratio profile, ozone mixing ratio profile, surface skin temperature, surface emissivity, etc. That is,
. .) ϩ ( is the instrument and forward model noise). In general,
where the state vector X contains atmospheric temperatures (L levels of atmosphere), atmospheric moisture mixing ratios (the moisture is expressed as the logarithm of the mixing ratio in practical applications), one surface skin temperature, etc., and Y m contains N (number of channels used) observed radiances. The linear form of Eq. (5) is
where YЈ is the linear tangent of the forward model Y, the weighting function (or Jacobian) matrix. An accurate and efficient analytical way to calculate the weighting functions is very important for real-time advanced sounder data retrieval processing. Here the linear model YЈ uses an efficient analytical form (Li et al. 2000) . A general form of the minimum variance solution minimizes the following penalty function (Rodgers 1976) :
where superscript T denotes the transpose. By using the Newtonian iteration,
the following quasi-nonlinear iterative form (Eyre 1989 ) is obtained:
where ␦X n ϭ X n Ϫ X 0 , ␦Y n ϭ Y m ϪY(X n ), X is the atmospheric profile to be retrieved, X 0 is the initial state of the atmospheric profile or the first guess, Y m is the vector of the observed radiances or brightness temperatures used in the retrieval process, E is the observation error covariance matrix that includes instrument noise and forward model error, and H is the a priori matrix that constrains the solution. Here, H can be the inverse of the a priori first-guess error covariance matrix or a scaled identity matrix. If the statistics of both the measurement and a priori error covariance matrix are Gaussian, then the maximum likelihood solution is obtained. However, if the a priori error covariance matrix is not known or is estimated incorrectly, the solution will be suboptimal (Eyre 1989) . Usually H ϭ ␥I is applied in Eq. (9), where ␥ is a Lagrangian multiplier that serves as a smoothing factor. Equation (9) becomes
͑10͒
The smoothing factor ␥ is very difficult to determine but extremely important to the solution. It is noted that ␥ is dependent upon the observations, the observation error, and the first guess of the atmospheric profile; often it is chosen empirically (Smith et al. 1985; Hayden 1988) . The solution can be overconstrained, producing large biases in the retrieval when ␥ is too large. The solution can be underconstrained and unstable when ␥ is too small. In the NAST-I retrieval procedure, the discrepancy principle, following Li and Huang (1999) , is applied to determine the appropriate smoothing factor ␥. Thus,
k, e k is the square root of the diagonal of E or the observation error of channel k. Here, E includes instrument error (e.g., Fig. 5b ) and forward model error (i.e., e 2 k ϭ 2 k ϩ f 2 k , where k is the instrument noise of channel k, while f k is the forward model error that is assumed to be 0.5 K for the same channel). Usually 2 can be estimated from the instrument noise and the validation of the atmospheric transmittance model used in the retrieval. Since Eq. (11) has a unique solution for ␥, the atmospheric parameters and the smoothing factor can be determined simultaneously. In NAST-I retrieval processing, a simple numerical approach is adopted for solving Eq. (11); ␥ is changed in each iteration according to
where q is a factor for increasing or decreasing ␥. q 0 ϭ 1.0;
The q factor has been found from empirical experience to ensure that the solution is stable between iterations. Thus, ␥ keeps changing until the iteration stops.
In the retrieval processing, several checks are made for retrieval quality control. The rms of the quantity
, computed for all selected channels, is computed to check for convergence (or divergence). If the nth iteration produces a divergent solution, then the iteration is stopped and the retrieval is set to the first guess (or the previous n Ϫ 1 atmospheric state); otherwise iterations continue until n Ͻ 1.0 K and | n Ϫ nϪ1 | Ͻ 0.01 K, or a maximum of 10 iterations is reached. The degree of convergence of each iteration depends on the accuracy of the previous atmospheric and surface state.
In addition, at each iteration, each level of the water vapor profile is checked for supersaturation. A unit relative humidity is assumed at any supersaturated level.
c. Stage 3: Iterative adjustment
A final stage of the profile retrieval process involves an enhancement of the CO mixing ratio profile provided by applying the matrix inverse method to only radiances observed within "clean" spectral channels for that gas. A clean CO spectral channel radiance is defined as one in which the radiance is only influenced by surface contribution and CO emission and absorption. In this final stage, the retrieval is performed by matrix inversion, as in the second stage, but here all parameters, other than the CO mixing ratio profile, are held constant during the iterative process. The procedure is described in detail by Zhou et al. (2004) . Figure 10 shows the standard deviation between the observed NAST-I radiance spectra and the radiances calculated from the NAST-I retrievals after each stage of the retrieval process. As can be seen, there are significant improvements in the radiance fit for all spectral regions, except the 15-m and 4.3-m carbon dioxide absorption regions, as a result of the matrix inverse step in the retrieval process. In the CO region both the stage 2 and stage 3 matrix inverse solutions provide a major improvement to the CO profile retrieval accuracy (Zhou et al. 2005) .
Observations during CLAMS
During the CLAMS experiment the Proteus flew nine flights in which the NAST-I achieved radiance spectra for the derivation of surface and atmospheric variables. The flight patterns are shown in Fig. 11 . The scientific objectives can be categorized as being focused on overflying the surface-based instruments at the Chesapeake Light platform (which supports the COVE), overflying ocean buoys, or obtaining data to study the land breeze phenomenon and to initialize numerical weather prediction (NWP) models. There was also one flight (i.e., over the cirrus cloud cover, are shown in Fig. 12 . The cross sections reveal the attenuation of temperature and moisture signal by the cirrus cloud. The moisture cross section indicates that the top of the cirrus cloud is at about the 9-km level and extends downward to about the 6-km level. Below 6 km there is a layer of dry air extending down to a layer of moisture whose top is at 2 km (i.e., the marine boundary layer) at the northern end of the track and extends upward to the cirrus level at the southern end of the track (the middle of Fig. 12 ) where deep convection is occurring. As can be seen from Fig. 12 , important moisture features below a scattered and semitransparent cirrus cloud deck are resolved using the NAST-I infrared observations. The result is analogous to viewing an object through a window with partially open venetian blinds. Further validation of this conclusion is shown by comparison of the retrievals at the northern end of the cross section, where clear skies exist, with the nearby Wallops Island radiosonde observation, also shown in Fig. 12 . It is noted that, since the lower-tropospheric thermal feature signal is inherent in the spectral radiance data for partially cloudy and semitransparent cirrus cloud situations, "cloud clearing" techniques (Smith 1968) can be used to filter out any cloud artifacts (i.e., the venetian blind effect) from the sounder data, but this procedure was not incorporated within this analysis.
b. Case study example
An example of NAST-I data collected from the CLAMS field campaign, results for 14 July 2001 are provided to illustrate the characteristics of retrievals obtained during CLAMS. Typical retrieval products from NAST-I observed radiances are surface skin temperature, the surface emissivity spectrum, and atmospheric profiles of temperature, moisture, and the chemical species, O 3 and CO. The Geostationary observation, shown in Fig. 13 , reveals the cloud conditions during the 14 July 2001 period of NAST-I observations. Corresponding to the GOES images, Fig. 14 shows that the NAST-I retrieved surface properties of skin temperature and emissivity correspond well to surface types such as land and water. Relatively warmer skin temperatures are shown over the land, as opposed to water, as expected under daytime viewing conditions. The smaller emissivities of the street and building materials associated with the city of Norfolk, Virginia (lower-left region), are clearly evident. NAST-I retrieved surface skin temperature at the NOAA buoy site is 296.23 K (with a standard deviation of 0.21 K), as compared to the NOAA Chesapeake light buoy measured bulk surface temperature of 297.45 K. The cold "skin," observed by NAST-I relative to the subsurface water observed by the buoy is expected as a result of evaporative cooling (Smith et al. 1996) . The atmospheric vertical sounding distributions along the aircraft flight track are shown in Fig. 15 . The universal time is associated with the location shown in Fig. 14. The mean profiles of temperature and water vapor cross sections are compared with the nearby radiosonde observations (red curve). The vertical distributions of CO and O 3 are shown in Fig. 16 . The horizontal distributions of the precipitable water vapor (PWV) and the total column amounts of CO and O 3 (from 200 mb to the surface) derived from the vertical profiles of temperature, water vapor, CO, and O 3 are shown in Fig. 17 . The PWV derived from the COVE radiosonde is 1.91 cm, which is in good agreement with NAST-I inferred PWV in Fig. 17a , with a mean of 1.99 cm and a gradient in which relatively higher PWV exists toward the north. The column densities of CO and O 3 are shown in Figs. 17b and 17c, respectively; NAST-I retrieved CO column, with a mean of 2.0 ϫ 10 18 cm Ϫ2 , favors a clean CO background during the summer season with very little latitude dependence in this region.
The O 3 column density with a mean of 1.5 ϫ 10 18 cm
Ϫ2
shows a gradient in which the O 3 increases toward the north. NAST-I thermodynamic parameters have been validated with radiosonde profiles (Fig. 15 ) but the trace gas retrievals shown here cannot be validated because of the lack of in situ verification measurements for these gases. However, the close radiance agreement between the observed radiance spectra and those simulated from the retrievals (Fig. 10) indicates that the total column amounts of CO and O 3 must be accurately determined; this is justified by noting that the surface and atmospheric thermodynamic state data used in simulation were those retrieved from NAST-I and, as just mentioned, already validated with nearby radiosonde measurements.
Conclusions
NAST-I has successfully participated in the CLAMS field campaign, and geophysical parameters were retrieved in support of the CLAMS experiment. NAST-I mapped the surface skin temperature and atmospheric profiles of temperature, water vapor, and chemical pollutants such as carbon monoxide and ozone throughout the CLAMS experiment. The NAST-I geophysical products for the CLAMS are available, upon e-mail request (Daniel.K.Zhou@nasa.gov), for their use in scientific studies. More detailed investigations on the use of multi-instrument and multiplatform data, gathered during CLAMS, together with model simulations, are underway.
